Multiphoton fabrication is gaining prominence as a technique for the creation of 3-D microstructures of arbitrary complexity. The majority of the work in this field has focused on multiphoton absorption polymerization (MAP), 1-8 although for many microdevice applications, it is also desirable to be able to incorporate materials other than polymers. However, it has so far proven difficult to use multiphoton absorption in the creation of freestanding 3-D microstructures, or components thereof, composed of materials such as metals, metal oxides, or biomolecules. Here we present a simple and general scheme for the selective functionalization of 3-D polymeric microstructures fabricated with MAP, making it possible to deposit any of a wide range of materials on desired regions of these structures. We demonstrate the use of this technique for the creation of electrically conductive metal/polymer hybrid microdevices.
Multiphoton fabrication is gaining prominence as a technique for the creation of 3-D microstructures of arbitrary complexity. The majority of the work in this field has focused on multiphoton absorption polymerization (MAP), [1] [2] [3] [4] [5] [6] [7] [8] although for many microdevice applications, it is also desirable to be able to incorporate materials other than polymers. However, it has so far proven difficult to use multiphoton absorption in the creation of freestanding 3-D microstructures, or components thereof, composed of materials such as metals, metal oxides, or biomolecules. Here we present a simple and general scheme for the selective functionalization of 3-D polymeric microstructures fabricated with MAP, making it possible to deposit any of a wide range of materials on desired regions of these structures. We demonstrate the use of this technique for the creation of electrically conductive metal/polymer hybrid microdevices.
In MAP, an ultrafast laser is focused through a microscope objective into a prepolymer resin containing a photoinitiator that can be excited by the simultaneous arrival of two or more photons of near-infrared laser light. Because this process depends nonlinearly on the light intensity, at appropriate excitation energies, polymerization can be localized within the focal volume of the laser. Complex structures with submicron feature sizes are created by scanning the laser beam in a 3-D pattern. Once fabrication is complete, the unpolymerized resin is washed away with solvent, leaving behind the hardened structure.
Much of the work to date on MAP has focused on acrylic polymers, due to the broad commercial availability and high reactivity of acrylate monomers. A similarly wide variety of methacrylate monomers is available, but due to their significantly lower degree of reactivity, the use of these materials for MAP has been reported only once. 9 We have found that at higher laser intensities it is possible to use MAP to create methacrylate microstructures that are of comparable quality to acrylate microstructures. Since acrylates and methacrylates can cross react, it is possible to use sequential MAP fabrication steps to create 3-D microstructures in which some portions are composed of acrylic polymer and others of methacrylic polymer. On the basis of the differential reactivity of these materials, it is possible to perform subsequent chemical reactions solely on the regions of the microstructures composed of one of the polymers.
A typical acrylic resin had two constituents, the trifunctional Sartomer SR368 and the pentafunctional Sartomer SR399, in a 1:1 weight ratio. 7 The methacrylic resin was composed of Sartomer SR348, a difunctional monomer. In both cases, Lucirin TPO-L, which has strong two-photon absorption at 800 nm, 7 was used as the photoinitiator at a concentration of about 3 wt %. Fabrication was performed with 100 fs pulses from a Ti:sapphire oscillator with a center wavelength of 800 nm and a repetition rate of 76 MHz. A 40X oil-immersion objective with a numerical aperture of 1.3 was used to focus the laser into the sample. Typical fabrication powers and velocities were 10 mW and 10 µm/s for acrylates and 20 mW and 10 µm/s for methacrylates, respectively; all powers were measured outside of the microscope. In all cases, fabrication was performed on a glass substrate that had been modified with (3-methacryloxypropyl) trimethoxysilane to promote adhesion of the polymer. 7 The structures were washed in N,N-dimethylformamide and absolute ethanol after fabrication in each resin. Immediately following the final wash, the structures were immersed in a 20% v/v solution of ethylenediamine in absolute ethanol for 1 h, after which they were rinsed thoroughly in absolute ethanol. The diamine undergoes highly selective Michael addition with unreacted surface acrylates, leaving free amines on the surface of the acrylic portion of the structure but not on the methacrylic portion. 10 Once amines are present on the desired polymer surface, any of a large number of chemical reactions can be used to deposit different materials on them. As examples, we discuss two different methods that can be employed to metallize the polymer systems presented here. The first method involves immersion of the amine-modified structures in a 1% aqueous solution of hydrogen tetrachloroaurate. Free amines lead to the reduction of gold ions onto the surface of the polymer, as is illustrated by the gold chain in Figure 1a . Note that because the glass substrate has been modified with methacrylates metal is not deposited on it.
The second method begins with treatment with PdCl 2 -saturated ethanol for 1 h, leaving Pd complexed to the surface amines. Electroless deposition of any of a range of different metals can then be performed selectively on the acrylic polymer. Here we discuss electroless copper enhancement. 11 The enhancement bath is prepared by dissolving 0.75 g of copper sulfate, 1 g of sodium hydroxide, and 3.5 g of sodium potassium tartrate in 25 mL of water. This solution is filtered just prior to use, and 2.5 mL of formaldehyde (37%) is added with vigorous stirring. A small amount of this solution is dripped onto the polymer structure, and reaction is allowed to proceed for a short time. Enhancement is quenched via a Millipore water rinse. This process is followed visually on a microscope and can be repeated as many times as desired. Panels b-e of Figure 1 demonstrate the selectivity of metallization using this procedure. The square on the left of Figure  1b was created with methacrylate resin, and the adjacent square was created with acrylate resin. The metal has been deposited completely selectively on the acrylate square. Similarly, c-e of Figure 1 show an acrylic log-stack structure with a methacrylic structural frame. Once again, metallization has proceeded with complete selectivity on the acrylic portion of the structure.
One impetus for selective metallization of polymeric microstructures is the incorporation of electrical functionality. To test the electrical conductivity of the metallized polymer, four-probe conductivity measurements were made on a variety of structures. Typical resistance values are in the range of 10 Ω for metallized polymer leads that are on the order of 100 µm long and 1 µm wide. Improved conductivity can presumably be attained via an additional electrodeposition step.
An example of a selectively metallized, 3-D electrical structure that is difficult to fabricate with conventional techniques is the 16-turn coil inductor shown in Figure 2 . The supporting structure is composed of methacrylic polymer, and the inductor is composed of Cu-coated acrylic polymer. The ideal geometrical inductance of this coil, with its 12 µm radius, is about 1.1 nH. Using the same fabrication/metallization process, two pairs of conducting wires were deposited along with, and connected to, the inductor to facilitate electromagnetic measurements. We were able to characterize the complex impedance of this structure. It exhibits what appears to be a self-resonance that is manifested as a minimum in the impedance (Figure 2 inset) and as a sign change in the phase (not shown). The ideal geometrical inductance and capacitance of this coil are about 1 nH and 2 fF, respectively, leading to an anticipated electromagnetic resonance frequency near 80 GHz. The observed resonance frequency is 6 decades lower than this prediction. On the other hand, the coil can also be considered a spring, for which we calculate a spring constant of order 0.00001 N/m, yielding a mechanical resonance in the 10 kHz range. Thus, one possibility is that we are observing a capacitively-driven coil/spring mechanical resonance, a complex situation that warrants further investigation.
In conclusion, we have demonstrated the selective chemical functionalization of 3-D polymer microstructures and have used this technique to create a functional microinductor. We believe that it will be possible to increase the resonance frequency of such inductors by 3 to 4 orders of magnitude through optimization of materials and geometry. While we have limited our examples here to metallization, amines are highly versatile functional groups that can be used for the selective deposition and/or synthesis of many other materials, including biomolecules and metal oxides. In addition, this is but one example of a selective functionalization reaction for acrylic/methacrylic systems. Many other such reactions can be utilized with this and other combinations of photopolymer systems. This technique should open the door to using MAP for applications in areas, such as photonic crystals, metamaterials, and biosensing. 
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